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ABSTRACT 

Optical and near-infrared images of the Carina Nebula show a peculiar arc-shaped feature, which 
we call the "Sickle", next to the B-type star Trumpler 14 MJ 218. We use multi- wavelength obser- 
vations to explore and constrain the nature and origin of the nebulosity. Using sub-mm data from 
APEX/LABOCA as well as Herschel far-infrared maps, we discovered a dense, compact clump with 
a mass of ^ 40 M© located close to the apex of the Sickle. We investigate how the B-star MJ 218, 
the Sickle, and the clump are related. Our numerical simulations show that, in principle, a B-type 
star located near the edge of a clump can produce a crescent-shaped wind shock front, similar to the 
observed morphology. However, the observed proper motion of MJ 218 suggest that the star moves 
with high velocity (~ lOOkms"^) through the ambient interstellar gas. We argue that the star is just 
about to graze along the surface of the clump, and the Sickle is a bow shock induced by the stellar 
wind, as the object moves supersonically through the density gradient in the envelope of the clump. 
Subject headings: infrared: ISM — submillimeter: ISM — shock waves — stars: winds, outflows — 
stars: individual(Trumpler 14 MJ 218) — X-rays: stars 



1. INTRODUCTION 



The Carina 
gion situated 



Nebula is a complex star forming re- 
al a distance of 2.3 kpc from the 
sun. With more th an 70 massive stars identified 
([Smith fc Brooksll2007f l. it is an ideal site to study the 
impact of stellar feedback on the interstellar medium 
(ISM). In this highly dynamical environment massive 
stars affect the surrounding medium through photoion- 
izing radiation, stellar winds and ultimately through 
supernova explosions. Observations and numerical 
simulations have shown that these mechanisms can 
produce various observab le morphologies like super - 
bubbles at larg e scales (lOev &: Garcia- Segural 120041 : 
iNtormousi et all 1201 ID. cavities (iFierlinger et al.ll2012[ ). 
shells (iDeharveng et al.ll2010l: IWch et al.ll2012[) or pil- 
lars j Gritschncde r et all l2Q10t iPreibisch et'alT l2011al : 
iWalch et al. 2012). The feedback mechanisms at work 
during the lifetime of the massive stars (before the su- 
pernov a) may not play the m ost dominant role on larger 
scales ([Dale &: Bonnell|[201lD . However, these processes 
can affect the star formation locally by either trigger- 
ing the formation of new stars ([G ritschn eder et aLll2010l : 
IWalch et all 120121: lOhlendorf et al.l |20lJ) or dispersing 
clouds a nd thereby delayin g or even hindering star for- 
mation (jWalch et al.ll2012[ ). 

In addition to the feedback mechanisms mentioned 
above, the dynamical evolution of these massive stars 
is also likely to affect the surroundings. While most of 
the massive sta rs are believed to lie within their native 
OB association (jLada fc Ladall2003D and are likely to be 
part o f a binary or mu l tiple s ystem (iKobulnickv fc Frveii 
120071: IPreibisch et"all [2Q0ll: iMason et al.l I1998D . soi^ 
stars with quite high velocities, so called runaways , have 
been observed outside of OB associati ons (Blaauw| |l961l : 
IKobulnickv et al.ll20Tl : iGvaramadze et al.ll2012l) . 



In this article we take a look at multi- wavelength obser- 
vations of a peculiar nebulosity around a star in the Ca- 
rina Nebula and the identification of a denser molecular 
clump at the same location. We interpret the crescent- 
shaped nebulosity, which we call the 'Sickle', as the tip of 
a bow shock associated with the B1.5 V star Trumpler 14 
MJ 21 8 (MJ 218 hereafter) listed in IMassev fc JohnsonI 
(|1993f ). We discuss a possible link between the star, the 
Sickle and the clump and argue that the star is moving 
supersonically through the ambient density gradient on 
the front side of the observed compact clump. 

The object caught our attention because of its peculiar 
morphology in our inspection of optical images of the 
Carina Nebula region. It is located about 1' south-east 
of the dense young cluster Tr 14, which corresponds to a 
projected physical distance of about 0.8 pc. 

A literature search showed that the peculiar nebu- 
losity had already been mentioned in th e near-infrared 
NIR) imaging study of the Tr 14 region bv lAscenso et al.l 
2007D . who suggested the idea of a compact HII region 



around the star. The highly asymmetric shape of the 
nebula could be the result of the irradiation from the 
very luminous early 0-type stars in the center of Tr 14 
(most notably the 02If star HD 93 129 A), si nce the apex 
of the crescent points toward this direction. iSmith et al.l 
(|2010f l. however, noted that the lack of detectable Ha 
emission is in conflict with the interpretation as an HII 
region; they rather argued that the crescent nebula is a 
dusty bow shock. 

Our investigation of the comprehensive multi- 
wavelength data set of the Carina Nebula that we com- 
piled during the last years shows that the crescent nebula 
also appears to be related to a compact clump, which is 
(naturally) invisible in the optical and NIR images, but 
quite prominent in our far-infrared and sub-mm data. 
This makes the nebula even more interesting. 
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Date 
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Proposal IDs 
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2006-07-29 
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10602 (PI: J.Maiz Appcllaniz) 
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2010-02-01 
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2003-05-17 




550 


9575 (PI: William B. Sparks) 


F850LP 


2006-07-29 




678 


10602 (PI: J.Maiz Appellaniz) 



Fig. 1. — left: RGB composite image constructed from the J- (blue), H- (green), and iCs-band (red) HAWK-I images of the area 
around the Sickle obicct (marked by the green dashed box in the lower left part) and the cluster Tr 14 (see also ESO photo release 1208; 
|http://www. cso.org/public/news/esol208/ ). 

right: INegative grayscale representation ol the Ks-hand HAWK-I image of the area around the Sickle object with superposed contours of 
our Herschel 70 fim map (green) and our APEX/LABOCA 870 fim map (red). The contours levels of Herschel 70 fim map are at 2.25, 
2.5, 3.0, 3.5, 4.0, 4.5, 5.5, and 6.0 Jy/pixel (pixel size 3.2"); the rms noise level in the map is ^ 2.3 Jy/pixel. The contour levels of 
the APEX/LABOCA 870 fim map go from 0.05 Jy/beam to 0.5 Jy/beam in steps of 0.05 Jy/beam; as the rms noise level in the map is 
~ 0.02 Jy/beam, the first contour corresponds to the ~ 2.5 (t level. Note that the horizontal bright streak in the background image is an 
artifact related to the dither pattern and the mosaicing process. 

Stellar parameters — The observed cr escent is associated 
to the B1.5 V star MJ 218 as hsted bv lMassev fc Johnsonl 
([1993) in their spectroscopic and photometric analysis 
of the stars in and around the clusters Trumpler 14 
and Trumpler 16. MJ 218 al ias 2MASS J10U0508- 
5933412, ahas ALS 19740 in iReedl (|200l is located 
at the J2000 coordinates 10^44^05.1", -59° 33' 41", at 
about 1' south-east from the center of Tr 14. With 
optical/NIR magnitudes oi V = 11.85 and K — 9.63 
the star is a bright and prominent object. The stellar 
sp ectral type was determine d via optical spectroscopy 
bv lMassev fc Johnsonl ()1993D . These properties are very 
well consistent with the assumption that this star is a 
member of the Carina Nebula at a distance of 2.3 kpc. 

In the UCAC4 Catalogue f Za charias et~an[20Tl [20TI 
0, the star is hsted as UCAC4 153-055048. Its proper 
motion is given as pm(RA) — —7.0 ± 3.0 mas yr~^ and 
pm(Dec) = 5.2 ± 3.7 mas yr^^. The total proper motion 
of 8. 7±4.8mas yr~^ corresponds to 95±52kms" . This 
is a remarkably high velocity, but we have to note that 
the uncertainties are quite la rge. Using the radial veloc- 
ity of Wrad = -10.9kms-i (jHuang fc GiesI |2006[) leads 
to a total space velocity of w* « 96kms~^. This large 
velocity suggest that MJ 218 is a runaway star. 

We note that the amplitude and direction of the motion 
would be consistent with the idea that the star MJ 218 
could have been ejected some 66 000 years ago from the 
region of the open cluster Tr 16 which is at a distance of 
'^ 6.5 pc. 



Hubble Space Telescope optical images — We searched the 
Hubble Legacy Archive for observations of the Sickle ob- 
ject. The images shown in Fig. [2] are taken with the 
Advanced Camera for Surveys (ACS). The dates of the 
observations, the exposure times, and the proposal iden- 
tifiers are given in Tabic [TJ Fig. [2] shows the compilation 
of HST in different filters, which reveal the small-scale 
structure of the nebulosity in detail. Two additional 
shells are visible closer to the star. Whereas the neb- 
ulosity is very well visible in the broad-band filters, nei- 
ther the F502N band fiher (tracing the [O III] line) nor 
the F658N filter (tracing the Ha line) reveal significant 
diffuse emission, clearly showing that the emission from 
the crescent nebula is not line-emission but continuum 



emission. 



^ see |http://www.usno.navy.mil/USNO/astrometry /'optical-IR- 
prod/ucac 



Near-mfrared images — To investigate the near- infrared 
morphology of the nebula, we inspected data obtained in 
Jan uary 2008 as part of ou r survey of the Carina Nebula 
(see lPreibisch et al1l2011dl . for more details) with the in- 
strument HAWK-I at the ESO 8m Very Large Telescope. 
Images were obtained in the standard J-, H-, and Ks- 
hand filters, as well as in narrow-band filters centered 
on the 2.121 yLtm v = 1-0 S(l) ro- vibrational emission 
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Fig. 2. — Images of the object taken with the HST (top and middle) and HAWK-I (bottom). A linear scale is used. The direction of 
the catalogued proper motion is indicated as a white arrow in the third panel (upper right). The uncertainty in the position angle of the 
velocity vector is indicated by the white dashed lines. The black arrow denotes the direction to 17 Carinae in Tr 16. In the fifth panel the 
prominent double diffraction spike is marked, indicating a bright compact source close to the B1.5V star.. 

line of molecular hydrogen and the 2.166 /im Bracket 7 
line. The very good seeing conditions during these obser- 
vations resulted in sub-arcsecond FWHM values of typi- 
cally 0.37" (in the Ks-ha,nd) for the PSF size of point-like 
sources near the Sickle object. 

Comparison of the narrow-band images with the Kg- 
band image shows: In the Bracket 7 line, there is no in- 
crease of the brightness of the nebula relative to the star 
MJ 218. This excludes significant hydrogen line emission. 
Furthermore, there is also no indication of Bracket 7 rim- 
brightening at the northern edge of the Sickle. Such a 
rim-brightening is clearly visible in narrow-band images 
in many of the irradiated globules in the Carina Nebula 
as well as in optical and near infrared images of photoe- 
vaporating globules and pillars (Smitjr et al. 2003, 2004). 
Rim-brightening highlights the strong surface irradiation 
by the surrounding hot stars. For the Sickle nebula, how- 
ever, external irradiation seems not to be important. 

In the molecular hydrogen line narrow-band image the 
relative brightness of the Sickle nebula is not much larger 
than in the broad-band image, but the nebulosity seems 
to be slightly more extended at the north-western edge. 
This suggests moderate amounts of molecular hydrogen 
line emission at the front of the nebula, similar as of- 
ten observed in the bow-shocks of protostellar jets that 
move through molecular clouds (jPreibisch et al.|[2011dl : 



iTapia et al.][20Tl . 

Mid-Infrared data: MSX and TIMMI2~ The Sickle nebula 
coincides with the Midcourse Space Exp eriment (MSX) 
point source MSX6C G287.4288-00.5804. IMottram et all 
(|2007f ) performed mid-infrared imaging of this source 
with better angular resolution at the 3.6 m ESO Tele- 
scope and resolved the MSX source into four MIR 
sources. Their 10.4 /im image clearly shows the Sickle 
nebula (but no sign of the star MJ 218), and the peak 
of the emission corresponds very well to the bright- 
est p oint of the Sickle as seen in our J^.^-ba n d im - 
age. lUrquhart et"!!! (|2007[ ) and IMottram et"al] (|2007l ) 
reported a non-detect ion in radio cont inuum emission 
from this source. Urqu hart et al.l (|2007D stated a detec- 
tion limit of 0.4 mJy. Assuming an electron temperature 
of 10'' K and the distance of 2.3 kpc, we derived an exci- 
tation parameter of ~ 2pcc m~^. By extrapolating Table 
14.1 in 'Wilson et al.l (|2009l ). this value appears roughly 
consistent with a B1.5 star. 

LABOCA sub-mm map — Whereas the optical and NIR 
images show no indication for the presence of a dense 
clump in the surroundings of the Sickle nebula, our 
870 /im map that was obtained in December 2007 with 
the bolometer array LAB OCA at the APEX telescope 
(see iPreibisch et aLll2011al for a complete description of 
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this data set) clearly reveals a compact clump located 
close to the tip of the Sickle. The position of the peak of 
the sub-mm emission is 10''44'" 04.06^ -59° 33' 35.5", 
i.e. 10 arcseconds (or 0.1 pc) north-west of the star 
MJ 218 and about 3 arcseconds north-west of the apex 
point of the Sickle nebula. The sub-mm emission is al- 
most point-like and only marginally extended; given the 
18" angular resolution of LABOCA, the width of the 
clump is ~ 0.2 pc. The peak of the clump emission has 
an intensity of 0.393 Jy/beam. 

Herschel far-infrared maps — Maps of the Carina Nebula 
at the wavelengths of 70, 160, 250, 350, and 500 /xm were 
obtained in December 2010 in the Open Time project 
OTl-tpreibis-1 using the parallel fast scan mode at 60" /s 
for s imultaneous imaging with PAC S (Poglitsc h et al.l 
[20T0l ) and SPIRE (Gri ffin et all lMO^. A full description 
of these observatio ns and the subsequent data process- 
ing can be found in lPreibisch et al] (|2012[ ). The angular 
resolution of the Herschel maps is 5", 12", 18", 25", 
and 36" for the 70, 160, 250, 350, and 500 /zm band, re- 
spectively. At a distance of 2.3 kpc this corresponds to 
physical scales ranging from 0.06 to 0.4 pc. 

The clump near the Sickle nebula detected by 
LABOCA is clearly visible in the Herschel maps. It is 
clearly extended in the PACS maps, where we determine 
FWHM values of 19" x 16". These maps also show that 
the shape of the clump is not central symmetric. It ex- 
hibits a kidney-shaped form (green contours in Fig. [H 
right panel), with a slight caved-in side in south-east di- 
rection in accordance with the inner side of the Sickle 
nebula bow. This clearly suggests that the process cre- 
ating the Sickle nebula bow inter acts with the clump. 

Using the methods described in lPreibisch et all (|2012l ). 
we determined the column density, temperature, and 
mass of the clump. The peak value for the column den- 
sity in the center of the clump is Nn « 1.3 x 10^^ cm~^, 
corresponding to a visual extinction of Ay w 6.5 mag as- 
suming a normal extinction law (note that these numbers 
are beam-averaged values, i.e. the true values for a line- 
of-sight exactly through the center will be higher). The 
dust temperature in the clump is found to be about 32 K. 
The mass of the clump can be determined by integrat- 
ing the column density over all pixels exceeding the limit 
Ay > 3 mag (in order to separate the clump from the 
surrounding diffuse gas); this yields A/ciump ~ 4:0 Mq. 

X-ray data — The object is located in the area covered 
by the Chandra Carina Complex Project, that recently 
mapped a 1.3 square-degree region of the Carina Neb- 
ula. With an exposure time of ~ 60 ksec (^ 17 hours) 
for the individual mosaic positions, the on-axis complete- 
ness limit is Lx ~ lO'^^'^ erg/s in the 0.5 — 8 keV band 
for lightly absorbed sources. A complete overview of 
the Chandra Carina Complex Project can be found in 
iTownslev et al.l (|2011t ). which is the introduction to a set 
of 16 papers resulting from this project. 

In the Chandra images analyzed in the context of the 
CCCP, the star MJ 218 is clearly detected as an X-ray 
point-source with 59 source counts. The J2000 position 
of the X-ray source is lO'^ 44" 05.09^ -59° 33' 41.4" and 
has a total 1-a error (individual source position error 
and systematic astrometrical uncertainty) circle radius 
of ~ 0.4" (.Broos ct al.,,2011.) . This position agrees per- 



fectly (i.e. within less than 0.1") with the optical position 
of the star listed in the UCAC4 catalog (lO'' 44" 05.091^ 
—59° 33' 41.37"). The positional offset to the correspond- 
ing 2MASS counterpart is 0.2", i.e. well within the un- 
certainties. From our inspection of the optical HST im- 
age we found an (insignificant) offset of 0.1" between the 
star and the X-ray source position; the nearest other star 
visible in the HST image is 3.8" offset from MJ 218. In 
the near-infrared HAWK-I images, we found an (insignif- 
icant) offset of 0.2", and a distance of 1.9" to the nearest 
other point-source. We therefore conclude that we have a 
clear and unambiguous identification of the X-ray source 
with the star MJ 218. 

The X-ray p roperties of this so urce can be summarized 
as follows (see lBroos et al.ir201lL for details): the median 
photon energy of the source is 1.48 keV. The analysis 
of the photon arrival times yields some, although rather 
weak evidence for variability: the Kolmogorow-Smirnow 
test gives a probability of Pq = 0.16 for the null hy- 
pothesis of a constant count rate. The fit to the X-ray 
spectrum with XSPEC yielded as plasma temperature 
of kT = 2.5(±0.8) keV and gave an extinction-corrected 
intrinsic X-ray luminosity of Lx ~ 8.3 x 10'^° erg/sec. 

According to the well establishe d results for the origi n 
of stellar X-ray emission (see, e.g. iGiidel fc Nazel 120091 ). 
no X-ray emission is expected for MJ 218, since stars 
of spectral type B1.5 should neither show coronal mag- 
netic activity as typical for late-type (spectral types F 
and later) stars, nor should they have sufficiently strong 
stellar winds, in which X-ray emission is produced in 
wind shocks, as observed in the (much more luminous) 
0-type stars. The general lack of intrinsic X-ray emis- 
sion from stars in the spectral type range from ~ Bl to 
late A has been well confirmed in numerous X-ray ob- 
servations (e.g. iSchmitt et al.|[l985l: iDaniel et al.l l2002l: 
IPreibisch et alll2005l: IStelzer et al.ll200'5li ! 

The common explanation for the detections of X-ray 
emission from B stars is thus the assumption that the 
emission actually ori ginates frorn an u nresolved late- 
type companion (e.g.. lEvans et alll201lD . The observed 
median photon energy and the plasma temperature of 
MJ 218 derived from the X-ray spectrum are fully con- 
sistent with this assumption, and considerably higher 
than one would expect from wind-shock related X-ray 
emission (e.g., Kudritzki & Puis 2000). Considering the 
general correlation betwe en X-ray luminosity a nd stellar 
mass for young stars (see IPreibisch et al1l2005[) . the ob- 
served X-ray luminosity suggests the companion to have 
a stellar mass around '^1 — 2 Mq . Given the above de- 
scribed upper limit for a possible angular offset of the 
X-ray source from the B-star position of < 0.2", the pu- 
tative low-mass companion must have a projected sepa- 
ration of less than ~ 460 AU from the B-star. This rather 
small value makes a chance projection highly unlikelyo 
Since many B-type stars are known to have lower-mass 
companions at separations of a few ten to a few hundred 
AUs (see, e.K.,lPreibisch et a l. 1999; Kouwenhovcn ct al] 
I2007t iGrellmarm et al]|2013[ ) the hypothesis of a binary 



^ In order to quantify this statement, we inspected the HST 
image and counted the number of detectable stars within 10" of 
MJ 218 to be 8. With this estimate of the local star density, the 
Poisson probability to find one or more unrelated stars as chance 
projection within 0.2" of MJ 218 is just 0.3%. 
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system seems to be the best explanation of the observed 

parameters. 

We searched in the HST images for such a companion, 

but even the narrow-band images are saturated at the 

required small distances from the position of MJ 218 due 

to the brightness of the starQ 

3. THEORETICAL CONSIDERATIONS 
3.1. Clump carving scenario 




Fig. 3. — Integrated density plot for a projected star-clump dis- 
tance dobs = 0-11 pc at a n inclination of o = 66°. The image was 
produced using SPLASH IIPricell2007l) 

The evolution of the wind bubble around a star lo- 
cated at the edge of a clump can lead to a crescent- 
like shaped shock front. We performed a simulation us- 
ing the S moothed Particle H ydrodynamics (SPH) code 
SEREN (IHubber et a l.l 120 111) including a n ewly imple- 
mented HEALPix-based ( Gorski et al.ll2005l) momentum 
conserving stellar wind-scheme (Ngoumou et al. 2013, 
in preparation) to simulate the expansion of a momen- 
tum driven wind bubble in a molecular clump. The 
choice of momentum driven (iSteigrnan et al.l I1975D as 
opposed to therma l pressure driven (jCastor et al.l 119751 : 
I Weaver et al.lfl977l ) is justified, as the stellar winds of a 
spectral type B1.5 are assumed to be too weak to induce 
a hot shocked. X-ray emitting layer. 

The clump was modeled a s a supercri tical Bonnor- 
Ebert sphere (jBonnod [19561 : lEbertl [19571 ) . which is a 
self-gravitating isothermal sphere confined by an exter- 
nal pressure. The sphere has the dimensionless radius 
^ = 8 and a finite radius i?BES ~ 0-31 pc, corresponding 
to a FWHM size of ^ 0.2 pc and a central density of 
Pbes ~ 1-7 X 10~^^ g cm^'^ at a temperature of 36 K, for 
a total mass of Mdump — 40 Mq. A static momentum 
source was placed at the edge of the nebula at a distance 
of 0.29 pc from the center of the clump. We used the 
mass loss rate and terminal wind velocity for a B1.5 V 
star as stated bv lSmithI (|2006f ): M„ = 6 x IQ-** M© yr^^ 
and Woo — 960kms~-^. 

^ The HST images (Fig.[2]l show a double diffraction spike indica- 
tive of a companion separated by about 0.2 arcsec in north-south 
direction. The similar brightness of this potential companion, how- 
ever, disqualifies it as X-ray source. 



After a few 10^ yrs, the crescent has reached the size 
of the observed object. To match the observed projected 



distance dn 



0.11 pc between the star and the center 



of the clump (inferred from the sub-mm map) , the sim- 
ulation box is rotated by an angle a = 66° around the 
axis passing the center of the clump and perpendicular to 
the clump-star axis. Fig. O shows the density integrated 
along the line of site at i = 3 x 10^ yrs when the crescent 
has reached the size of the Sickle. The inclination angle 
between the plane containing the star and the center of 
the clump, and the projection plane is a = 66°. 

This scenario though, requires the star to be embedded 
inside the clump. It seems unlikely that MJ 218 was born 
inside or close to the clump as it would certainly have 
been dispersed by the stellar wind by now. The assump- 
tion that the star is coming from somewhere else and 
travelled through the ISM, finding itself embedded inside 
the clump would require wind shell radii smaller than 
the radius of the clump. Shells with larger radii would 
overrun the clump, and compress it (iBisbas et al.l [20111 : 
iGritschneder et al.ll201Cil : iTremblin et al.ll2012D leading to 
a cometary/pillar like structure with the tail pointing 
away from the star. This is not observed. The required 
compact shell could be produced naturally if the star 
would move supersonically through the ISM. In this case, 
a star produces a bow shock with smaller radii at the col- 
lision front of the wind with the ambient medium, which 
we discuss in the next section. 



3.2. Bow schock 



scenario 



The reported velocity of MJ 218 is very high (~ 
96 kms~^). The errors, however, are of the order of 55%, 
making the value rather uncertain. A star with such high 
velocity forms a bow shock while traveling through an 
ambient medium with temperatures T < 10^ K. Indeed, 
the position of the tip of the arc approximately correlates 
with the direction of the velocity vector in the plane of 
the sky as inferred from proper motion measurements of 
the star (see Fig. [2|). To test this scenario we compare 
the distance between the star and the cusp of the Sickle 
nebula with the stand-off radius Rq inferred from the 
analytical solution for the shape of a stellar wind bow 
shock in the thin-shell limit as derived in Wilkini (il996') . 
i?o depends on the velocity of the star w*, on the wind 
mass loss rate M^, on the terminal wind velocity t;„ and 
on the ambient density pamb- 



i?o 



47r/9AMBW* 



(1) 



The shape of the bow shock near the stand-off radius is 
given by: 



Re = Racosec0^/3{l -9 cot 9) 



(2) 



with 9 being the polar angle measured from axis given 
by the direction of motion of the star (see Fig. |4|). 

Fig. [5] shows the variation of the stand-off radius of 
the bow shock with ambient density (Eq. [TJ for a range 
of stellar velocities and for two sets of wind parameters 
Pl(red dot-dashed) and P2(blue dashed). 



PI: Mw = l.lxlO-*^M0yr- 
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Fig. 4. — Schematic diagram of a stellar wind bow shock to il- 
lustrate the definition of the coordinate system. 

on models computed bv lPauldrach et aLll200lD 



P2: Mw = 6 X lO^^Mgyr- 
[20061) 



960kms-i (|Smithl 



The shaded area represent the spread due to the 55% er- 
ror on Vt, . The horizontal solid line indicates the stand-off 
radius inferred from the reported proper motion and ra- 
dial velocity measurements which indicate an inclination 
angle of ~ 6° and a value of i?o of ^ 0.075 pc. The star 
is almost moving in the plane of the sky. 

The observed stand-off distance is obtained for number 
densities ranging between ~ 0.1 cm^"^ and ^ 20cm~^. 
The range of ambient densities is given by the large er- 
rors on the velocity estimate for MJ 218 (shaded area in 
Fig. [5]). For the reported ^ 96kms~^, uamb = 2cm~'^ 
for PI and uamb = 8cm^'^ for P2. These values are 
consistent with an order-of-magnitude estimate for the 
density of the rather diffuse gas in the inner parts of the 
Carina Nebula superbubble, through which the star is 
moving. This hints at the Sickle being the bow shock 
induced by MJ 218 moving supersonically through the 
diffuse ISM and not directly interacting with the densest 
part of the clump. 

The question now arises whether we just see a star with 
a bow shock projected in front of an unaffected clump. 
Interestingly, the bow shock does not appear to be sym- 
metric around the axis given by the velocity vector of 
MJ 218 (see upper right panel in Fig. [2|) as expected if 
the star would move in isolation. We therefore suggest 
that w e indeed see a contribution from the clump. iWilkinI 
()2000f ) investigated the modifications of bow shocks of 
stars running into an ambient density gradient in the di- 
rection perpendicular to the stellar motion and the effect 
of anisotropic winds. In both cases he found configura- 
tions in which the star does not lie on the symmetry axis 

** see |http://www. usm.uni-muenchen.de/people/adi/Models/ 1 
Model.html 
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Fig. 5. — Stand-off radius of the bow shock (Eq. [TJ against 
number density of the ambient medium for u* = 96 km s~^ and for 
two sets of stellar wind parameters; PI (red dot-dashed): Afw = 
1.1 X lO-*M0yr-l and Vao = 1400 kms"!; P2 (blue dashed): 
M„ = 6 X 10~* M© yr-i and v^o = 960kms~i. The shaded area 
represent the spread due to the 55% error on d». The horizontal 
solid line indicates the stand-off radius inferred from observations. 

dividing the bow shock into two parts. The observed 
asymmetry for the position of MJ 218 with respect to 
the tip of the Sickle might therefore be an indication of 
an interaction of the moving star with the clump. As an 
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Fig. 6. — Illustration of a bow shock solution in a linear stratified 
medium with slope a ss 15pc~^ for Ro = 0.075 pc overlaid on an 
HST image (F550M band filter; image is rotated by 36°). The 
velocity vector points in ^-direction. 

illustration we consider the solution for a bow shock of a 
star moving in a linear stratified medium with a density 
gradient perpendicu lar to the stellar velocity vector as 
described in,WLlkii3 (|2000l) : 



PAMB = pa{l + ay) 



(3) 



The characteristics of the solution near the stand-off 
point for a bow shock seen from the side (i.e. w* perpen- 
dicular to the line-of-sight) are given by (see Eq. (71) in 
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IWilkinl((2000l) ): 



aRn 



Ro 4 



I + l«'^« 



(4) 



We approximate the gradient a by selecting two points 
on the observed bow and measure their respective angles 
01 and 02 and the corresponding distances Rg-^ and Rg^ 
from the star. From Eq. |4]we estimate to first order: 



4 / Rdi — Re2 



Rq \ ^2 — 01 



(5) 



Fig. [6] shows the result of this approximation (yellow arc) 
for Rg^ « 0.95i?o at 0i « 10° and for Rg^ w 1.05i?o at 
02 ~ —10°. The model illustrates the non axis-symmetric 
shape of the bow shock induced by the additional term 
in the linear term near the stand-off point. 

The asymmetric shape of the Sickle could be the result 
of MJ 218 running in a medium stratified in the direction 
perpendicular to its motion which coincides with the line- 
of-sight and the position in the sky of the clump. The 
observed clump could therefore be part of the stratifica- 
tion and be located behind the Sickle. 

4. CONCLUSION 

The Sickle nebulosity in the Carina Nebula is by itself 
already a very remarkable and interesting feature. The 
discovery of a dense cloud clump at a projected location 
just in front of the Sickle prompted us to investigate a 
possible relation between these two features. We simu- 
lated the impact of the momentum transfer from the stel- 
lar wind on a clump with the star being located at the 
edge of the clump. The off-center expansion of the wind 
bubble could create a crescent-like front which resembles 
the observed Sickle nebula. This scenario, however, re- 
quires a static source embedded in the clump. The star 
would have to be formed in the last 10 000 yrs at this 
position. This seems very unlikely. We therefore exclude 
this scenario. 

Measurements of the prope r motion of MJ 218 ta ken 
from the UCAC 4 catalogue (jZacharias et al.ll201^ in- 
dicate a high velocity of nearly w* = 96kms~^. At this 
velocity the wind of MJ 218 would form a bow shock 
while traveling through an ambient medium with tem- 
peratures T < 10^ K. The Sickle could be part of the bow 
shock of MJ 218 seen from the side, as MJ 218 appears 
to be moving almost in the plane of the sky. Assuming 
the stand-off radius to be the distance between the star 
and the intersection of its velocity vector with the Sickle, 
we measure a stand-off radius Ro « 0.075 pc. Such val- 
ues for Rq point at ambient densities in the range of 
~ 0.1 cm~'^ and ^ 20cm~^ which are far lower than the 
10'* cm~^ inferred for the center of the observed clump. 
The star is thus not moving through the inner, central 
parts of the clump, but seems to be grazing along the 
surface of the clump. 

The non-axisymmetric appearance of the Sickle is con- 
sistent with the presence of a density gradient perpendic- 
ular to the direction of motion of MJ 218, which coincides 
with the line-of-sight and the location of the clump. We 
therefore argue that the observed Sickle is part of the 
bow shock of the high velocity B-star MJ 218 grazing 
the front surface density gradient of the observed com- 
pact clump. The asymmetry of the Sickle with respect 



to MJ 218 can then be explained as a result of this in- 
teraction. 

We expect the Sickle to be a rather transient feature 
which is likely to evolve on timescales of order lO'' yrs. 
Surely more detailed observation of this peculiar object 
will help to better constrain its nature. Spectral infor- 
mation from the molecular material could probe the ve- 
locity structure inside the clump and help test our star- 
clump interaction scenario. An interesting question is 
also whether the passage of the star could trigger the 
gravitational collapse of the clump and lead to star for- 
mation. This issue will be addressed in a subsequent 
paper. In addition a closer look at the binary nature of 
MJ 218 and its implications could help shed a light on 
the complex history of the Carina Nebula. Especially the 
question of the origin MJ 218 in the fr amework of the 
formation o f massi ve runaway binari es (jMcSwain et al.l 
I2007t IGvaramadze et al.l I2011L |2012[) would be worth 
investigating. The direction of the velocity vector of 
MJ 218 suggests a possible origin in the open cluster 
Trumpler 16 in the center of the Carina Nebula. The 
observed proper motion would then imply a travel time 
of about 10^ yrs. It is very interesting to note that 
the back-projected motion path puts MJ 218 in close 
vicinity of a recently detected neutron star candidate i n 
the Carina Nebula, described in lHamaguchi et all ()2009D . 
This raises the possibility that MJ 218 has perhaps been 
ejected in a relatively recent supernova explosion in the 
Carina Nebula. Further investigations of this relations 
could thus provide interesting info rmation on the dynam- 
ical evolution, stellar clustering (jMoeckel fc Batd 120101) 
and the still very unclear history of past supernovae in 
the Carina Nebula. 
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